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Executive  Summary 


Effects  of  Surface  Treatment  and  Interfacial  Strength  on  the  Damage 
Propagation  in  Layered  Transparent  Armor  under  Impact 

US  Army  Research  Office  Grant:  W91 1NF0810533  (54666EG) 

Period  of  Performance:  01  October  2008  through  30  September  2010 


PI:  Weinong  Wayne  Chen,  Purdue  University 


The  goal  of  this  research  program  was  to  develop  a  fundamental  understanding  of  the 
damage  propagation  through  layered  transparent  armors  under  impact  loading  conditions.  This 
goal  was  to  be  achieved  the  controlled  impact  experiments  on  layered  glass  structures  with 
varied  surface  quality  and  interfacial  bonding  strength,  which  would  allow  the  examination  of 
dynamic  damage  propagation  or  arrest  in  the  structures.  Due  to  the  limited  amount  of  funding 
received,  we  were  able  to  develop  the  experimental  techniques  proposed  for  the  impact 
experiments  and  conducted  dynamic  impact  experiments  on  layered  glass  specimens  under  a 
limited  set  of  conditions.  Based  on  the  experimental  results,  one  journal  article  has  been  accepted 
for  publication.  In  addition,  we  collaborated  with  researchers  at  Pacific  Northwest  National 
Laboratory  (PNNL)  and  Southwest  Research  Institute  (SwRI),  who  were  separately  funded,  to 
develop  analytical  and  numerical  models  for  the  dynamic  damage  in  glass  under  impact.  The 
results  of  the  collaborations  have  led  to  three  journal  papers. 

On  the  focus  of  dynamic  damage  propagation  in  a  layered  structure,  we  investigated  the 
dynamic  crack  propagation  across  an  interface  is  investigated  to  understand  the  interaction 
between  a  propagating  crack  and  an  interface  in  glass  under  impact  loading.  Notched  glass 
specimens  having  adhesive  interfaces  were  impacted  with  plastic  projectiles  on  the  notches. 
Cracks  developed  from  the  notch  tips  and  propagate  into  the  interfaces  perpendicularly.  The 
patterns  of  crack  propagations  across  the  interfaces  depended  on  the  interface  types.  The  crack 
stopped  at  the  interface  without  adhesive.  The  crack  passed  across  the  interface  with  a  very  thin 
layer  of  adhesive.  The  crack  branched  into  many  cracks  after  it  passed  across  the  interface  with 
an  adhesive  layer  of  finite  thickness. 

For  the  collaborations  with  PNNL  and  SwRI,  we  conducted  ring-on-ring  bending 
experiments  over  wide  ranges  of  loading  rates  and  surface  conditions  to  provide  experimental 
insights  for  analytical  and  numerical  modeling  for  glass. 

This  report  summarizes  the  technical  achievements  realized  during  the  performance  period  of 
this  research  program.  All  the  results  have  been  transferred  to  TARDEC  (Dr.  Doug  Templeton), 
PNNL  (Dr.  Xin  Sun),  and  SwRI  (Mr.  Tim  Holmquist),  assisting  the  analysis  of  impact  response 
of  structures  that  are  of  interest  to  US  Army. 
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2  Introduction 

When  a  layered  transparent  armor  is  impacted  by  a  projectile  or  fragment,  the  brittle  material 
directly  ahead  of  the  projectile  will  be  damaged  extensively  due  to  intensive  shock  loading.  In  a 
layered  structure,  the  brittle  armor  materials  are  laminated  together  with  thin  ductile  layers  in 
between.  Due  to  the  existence  of  the  ductile  layers,  the  propagation  pattern  and  speed  of  the 
damage  propagation  in  the  brittle  material  is  altered.  Since  the  eventual  failure  of  the  transparent 
armor  is  directly  related  to  the  propagation  of  damage  through  the  target,  it  is  critically  important 
to  understand  the  dynamic  damaging  process.  Quantitative  descriptions  of  the  dynamic  damaging 
process  are  currently  not  available.  In  this  section,  we  briefly  review  the  background,  the  know¬ 
ledge  available  in  the  literature  and  the  need  for  innovative  exploration  for  damage  propagation 
in  glass. 


2.1  Background 

2.1.1  Layered  Structures  for  Impact  Re¬ 
sistance 

Some  transparent  materials,  such  as  alu¬ 
minum  oxynitride  (AlON),  glass,  sapphire  and 
spinel  are  hard  and  brittle.  Some  others,  such 
as  Plexiglas,  polycarbonate,  and  polyurethane, 
are  soft  and  ductile.  If  the  materials  are  in  the 
form  of  thin  sheets,  upon  ballistic  impact,  the 
hard/brittle  materials  will  shatter  whereas  the 
soft/ductile  will  be  punched  through.  If  the 
sheets  are  sufficiently  thick,  either  type  of  the 
materials  can  stop  penetration  by  an  incoming 
threat.  However,  for  future  applications  of 
transparent  armors  in  land  and  air  platforms, 
weight  is  a  critical  parameter  that  must  be  mi¬ 
nimized  (Patel  and  Gilde,  2002).  With  the 
weight  restriction,  materials  must  be  used 
wisely  in  an  armor  system  to  utilize  the  spe¬ 
cific  strength  of  each  material  to  full  extent. 

Since  four  decades  ago,  it  has  been  known 
that  adding  a  ceramic  plate  on  top  of  a  metal 
plate  can  significantly  enhance  the  ballistic 
protection  over  the  monolithic  metal  armor 
(Mascianica,  1964;  Wilkins  et  al.,  1967-1971, 

Gooch,  2006).  Upon  impact,  the  hard  ceramic 
plate  surrounding  the  impact  area  may  be 
fractured,  pulverized,  and  ejected  depending 
on  different  impact  conditions.  However,  the  dynamic  failure  processes  of  the  brittle  layer  effec¬ 
tively  extend  the  time  of  impact  loading  and  spread  the  impact  load  over  a  larger  area  on  the 
backing  structures.  Both  the  loading  time  extension  and  the  impact  area  increase  reduce  the 
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stress  on  the  backing  structures,  thus  enhancing  the  possibilities  of  defeating  the  threats.  The 
fracture  and  pulverization  of  the  ceramic  material  are  also  effective  ways  to  dissipate  part  of  the 
kinetic  energy  (KE)  brought  by  the  projectile.  Further,  the  flow  motion  of  the  hard  ceramic 
fragments  around  the  projectile  erodes  the  tip  or  even  the  entire  length  of  the  projectile,  which 
further  dissipates  energy  and  spreads  the  impact  area.  This  layered  armor  concept  has  been  used 
in  many  vehicle  and  personnel  armor  designs.  Figure  1  shows  two  pictures  of  glass  windows  la¬ 
minated  with  glass  sheets  with  thin  layers  of  polyurethane  in  between.  A  polycarbonate  backing 
plate  is  attached  to  the  back  side  to  stop  spall 
debris.  The  picture  on  top  is  the  damaged 
window  by  a  single  bullet  impact.  The  lower 
picture  shows  the  damage  status  of  multiple 
hits.  The  fact  that  the  window  did  not  shatter 
completely  after  first  hit  and  was  still  capable 
of  bearing  subsequent  hits  clearly  shows  the 
effects  of  laminated  structures  in  impact  re¬ 
sistance.  McCauley  et  al.  (2005)  used  high¬ 
speed  images  taken  from  the  side  view  of  a 
layered  glass  structure  to  show  that  the  layers 
did  not  alter  the  impact-induced  stress  wave 
propagation  significantly.  However  the  dam¬ 
age  in  the  glass  was  developed  extensively  in 
the  first  layer  before  propagating  into  the 
second  layer.  It  was  found  that  even  ductile 
sheets  benefit  from  laminating  to  improve  the  impact  resistance.  Figure  2  shows  the  picture  of  a 
laminated  polycarbonate  window  that  stopped  three  shots  from  small  arms.  From  the  top  edge  of 
the  window,  the  lamination  structure  is  clearly  seen.  One  of  the  defeated  projectiles  is  displayed 
on  top  of  the  edge.  The  observation  shows  that  adding  interfaces  in  ductile  laminates  also 
changes  the  impact  resistance. 


2.1.2  State-of-the-Art  of  Layered  Glass 
Structures 

While  advantages  of  laminated  structures  in 
penetration  resistance  have  been  recognized  and 
utilized  in  many  armor  applications,  the  funda¬ 
mental  and  quantitative  understanding  of  lamina¬ 
tion  has  not  been  completely  developed  yet. 
Most  of  the  previous  research  efforts  have  been 
focused  on  the  elastic  or  acoustic  wave  propaga¬ 
tions  through  layered  media  (e.g.,  Sun  et  al., 
1968;  Ben-Amoz,  1975;  Cetin,  1994;  Nayfeh, 
1995;  Tadi,  2004).  As  the  amplitudes  of  stress 
waves  increase,  materials  in  the  layers  start  to 
fail.  Cone  crack  propagation  in  the  brittle  phase 
of  a  layered  structure  was  studied  by  Han  (2000). 
At  even  higher  loading  levels,  Zhuang  et  al., 


Fig.  3:  Penetration  of  a  steel  rod  into  a  glass  block 
shows  that  glass  is  severely  damaged  only  within 
a  region  close  to  the  rod  (Schockey  et  al.,  2008). 
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(2003)  investigated  the  shock  wave  propagation  through  periodically  layered  composites  under 
uniaxial  strain  conditions.  Due  to  the  existence  of  the  layers,  the  amplitude  of  the  propagating 
stress  was  found  to  decay  exponentially  (Barker  et  al.,  1974).  Lamination  also  causes  resonance 
in  the  layers  (Lundergan  and  Drumheller,  1971;  Oved  et  al.,  1978). 

Although  stress  wave  propagations  in 
layered  media  have  been  extensively  investi¬ 
gated,  the  loading  conditions  for  those  studies 
are  typically  quite  different  from  those  en¬ 
countered  in  penetration  events.  Under  projec¬ 
tile  impact  loading,  the  load  intensity  varies 
significantly  in  the  target,  with  the  most  se¬ 
vere  conditions  just  ahead  of  the  projectile. 

The  materials  that  are  severely  loaded  will  be 
extensively  damaged  and  displaced,  leaving 
the  necessary  cavity  opening  to  accommodate 
the  advancing  projectile.  The  materials  that 
are  away  from  the  projectile  may  remain  in¬ 
tact.  Figure  3  shows  an  image  of  a  glass  target 
section  after  a  steel  projectile  entered  a  glass 
target.  The  experiment  was  performed  at  SRI 
(Schockey  et  al.,  2008).  The  arrested  projec¬ 
tile  is  positioned  vertically  on  the  right  side  of 
the  image  (only  half  of  the  target  is  shown  due 
to  its  symmetry).  The  heavily  damaged  glass 
becomes  bright  while  intact  portion  is  still 
transparent.  The  image  in  Fig.  3  shows  that 
the  heavily  damaged  zone  in  the  glass  is  only 
a  few  projectile  diameters  around  the  projec¬ 
tile.  When  the  target  is  laminated,  instead  of 
bulk,  glass,  the  damage  in  the  glass  material  in 
the  target  is  much  more  widely  spread,  as  shown  by  the  experiments  performed  at  IAT  (Bless 
and  Chen,  2008). 

From  the  analysis  of  this  very  recent  experimental  evidence,  we  hypothesize  that  the  critical 
physics  in  the  penetration  of  a  brittle  or  layered  target  is  the  damage  propagation.  It  is  the  motion 
of  the  damaged  material  ahead  of  the  projectile  that  allows  the  projectile  to  move  forward.  If  the 
damage  zone  is  localized,  such  as  those  encountered  in  the  glass-block  target  (Shockey  et  al., 
2008),  the  material  within  the  zone  is  extensively  damaged  and  can  be  moved  around  the  projec¬ 
tile  relatively  easily.  This  leads  to  deeper  penetration.  In  the  case  of  the  layered  glass  target 
(Bless  and  Chen,  2008),  the  damage  in  the  target  is  much  more  wide-spread,  which  dissipates 
more  energy  from  the  projectile,  leading  to  less  penetration  and  thus  a  more  effective  armor.  It  is 
therefore  critical  to  understand  the  effects  of  layered  structure  on  the  formation  and  propagation 
of  damage.  It  is  also  of  significant  interest  to  identify  important  parameters,  such  as  surface  qual¬ 
ity  of  each  layer  and  the  interface  strength  between  layers.  However,  damage  formation,  damage 
propagation,  and  damaged  material  motion  in  a  layered  target  have  not  been  well  understood. 
Most  of  the  research  in  this  area  is  in  armor  industry  with  attempts  to  optimize  the  use  of  layer 
thickness  and  hardness  (ArmorChallenge  2007)  through  trial-and-error. 
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Fig.  4:  Wide-spread  damages  caused  by  impact  on  a 
layered  transparent  armor  (Bless  and  Chen  2008).  The 
image  on  top  is  taken  from  impact  surface  and  the 
bottom  illustration  shows  the  damage  distribution. 
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2.1.3  Experience  of  the  Purdue  Team  on  Glass  Characterization 

Our  research  group  has  extensive  experience  characterizing  the  dynamic  response  and  failure 
behavior  of  glass  materials  for  transparent  armors.  We  describe  two  recent  projects  here.  The 
first  one  examines  variation  in  dynamic  compressive  strength  of  a  borosilicate  glass  as  a  function 
of  the  shear  component  in  the  stress  state.  The 
other  is  the  effects  of  surface  quality  on  the 
dynamic  tensile  strength  of  the  same  borosili¬ 
cate  glass. 

Most  mechanical  experiments  subject  the 
specimens  to  well-defined  stress  states,  such 
as  uniaxial  stress  or  uniaxial  strain.  Due  to  the 
complicated  stress  states  the  glass  target  expe¬ 
riences  in  an  impact  event,  the  glass  response 
under  more  complex  stress  states  is  of  inter¬ 
est.  One  way  to  quantify  the  stress  state  is  to 
monitor  the  amplitude  of  the  shear  stress 
component.  The  main  approach  to  decrease 
the  effective  shear  stress  in  a  compression  ex¬ 
periment  is  to  apply  lateral  confinement  on 
the  specimen  while  the  specimen  is  axially 
compressed.  A  few  experimental  techniques 
are  available  to  achieve  this  purpose.  For  ex¬ 
ample,  Frew  (2006)  combined  a  hydrostatic 
compression  chamber  with  a  pulse  shaped 
SHPB  to  determine  the  effects  of  strain  rates 
on  the  dynamic  stress-strain  behavior  and 
brittle-ductile  transition  on  a  lime  stone.  Lat¬ 
eral  confinement  by  electro-magnetic  forces 
(Chen,  1999)  and  by  mechanical  collars  (Chen  and  Ravichandran,  1996;  Dannemann  et  al., 
2006)  is  other  available  methods.  The  increase  in  the  normalized  shear  is  less  common  but  is 
also  an  important  stress  state  that  needs  to  be  explored.  We  (Nie  et  al.,  2007)  used  an  inclined 
specimen  in  a  pulse  shaped  SHPB  to  explore  the  dynamic  fracture  initiation  and  development 
during  compression/shear  loading  on  a  borosilicate  glass  specimen,  as  shown  in  Fig.  5. 

The  glass  specimens  were  9  mm  by  9  mm  in  cross  section  and  12.5  mm  in  length.  For  the 
experiment  presented  in  Fig.  5,  the  specimen  axis  was  tilted  7°  from  the  compressive  loading 
axis.  The  dynamic  compressive  loading  from  the  SHPB  had  a  linear  ramp  shape,  which  de¬ 
formed  the  brittle  specimen  at  a  nearly  constant  average  strain  rate  under  a  dynamically  equili¬ 
brated  stress  state.  The  compressive  strength  corresponding  to  the  damage  initiation  as  a  function 
of  shear  stress  is  shown  in  the  lower  figure  which  illus  tracts  the  trend  that  the  dynamic  compres¬ 
sive  strength  of  the  borosilicate  glass  decreases  with  increasing  shear  stress.  Thus,  the  compres¬ 
sive  failure  strength  of  the  borosilicate  glass  is  sensitive  to  the  imposed  shear  component. 

When  the  applied  stress  is  tension,  we  examined  the  dynamic  tensile  strength  of  the  borosili¬ 
cate  glass  using  a  four-point  bending  configuration.  To  examine  the  surface-quality  and  loading¬ 
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Fig.  5:  Strength  of  a  borosilicate  soda-lime  glass  de¬ 
creases  with  increasing  shear  stress  in  the  sample 
stress  state. 
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rate  effects,  we  prepared  the  tensile  sur¬ 
face  of  the  bending  specimen  with  grind¬ 
ing  of  different  sand  papers  and  chemical 
etching,  and  load  the  sample  at  four  dif¬ 
ferent  loading  rates.  The  top  two  images 
in  Fig.  6  are  high-speed  images  of  the 
four-point  bending  specimens  at  the  in¬ 
stant  of  failure  under  stress-wave  load¬ 
ing.  Due  to  the  transparent  nature  of  the 
glass  specimen,  the  tensile  surface  of  the 
four-point  bending  specimen  (mounted 
vertically)  can  be  see  as  a  thin  vertical 
line  in  the  middle  of  the  top  left  image. 

This  tensile  surface  was  prepared  by 
sand-paper  grinding.  At  this  moment  of 
failure,  a  short  line  is  seen  that  is  per¬ 
pendicular  to  the  tensile  surface  and  lo¬ 
cated  on  the  upper  quartile  along  the  ten¬ 
sile  surface.  This  short  line  is  the  image 
of  a  single  crack  that  breaks  the  speci¬ 
men  into  two  pieces  under  dynamic 
bending  loading.  The  failure  tensile 
stress  is  around  140  MPa.  When  the  ten¬ 
sile  surface  is  treated  with  chemical  (5% 

HF  acid)  etching,  even  though  the  sur¬ 
face  roughness  measurements  are  com¬ 
parable  to  those  from  sand-paper  grind¬ 
ing,  the  tensile  failure  strength  is  an  or¬ 
der  of  magnitude  higher.  The  failure 
mode  is  no  longer  dominated  by  a  single 
crack.  Rather,  many  cracks  propagate 
simultaneously,  leading  to  an  explosion¬ 
like  failure  at  the  peak  load  (top  right 
image  in  Fig.  6).  The  graph  in  the  lower 
part  of  Fig.  6  summarizes  the  effects  of 
loading  rates  and  surface  treatment.  Both  surface  treatment  and  loading  rate  significantly  affect 
the  tensile  strength  of  the  Borosilicate  glass. 
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Fig.  6:  Dynamic  tensile  strength  of  a  borosilicate  soda-lime 
glass  increases  by  an  order  of  magnitude  with  surface  treat¬ 
ment. 


2.1.4  Numerical  Predictions  in  Impact  Damage  Propagation 

More  quantitative  efforts  have  been  invested  recently  to  predict  the  impact  damage  initiation 
and  propagation  in  layered  glass  structures.  For  example,  Sun  et  al.  (2008)  numerically  simulated 
the  case  of  a  projectile  impact  into  a  layered  soda  lime  glass  target.  The  target  composition  is 
similar  to  that  ballistically  tested  by  Bless  and  Chen  (2008).  The  numerical  simulation  allowed 
more  details  on  the  damage  initiation  and  propagation  to  be  revealed  during  the  penetration 
process.  Figure  7  shows  the  target  cross-section  at  one  instant  during  penetration.  The  intact 
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glass  is  shown  in  gray  color.  The  damaged 
glass  is  shown  in  red.  It  is  clear  that  the  dam¬ 
age  initiation  in  the  layered  far  ahead  of  the 
projectile.  By  the  time  the  projectile  arrives, 
the  damaged  zone  has  already  spread  side¬ 
ways,  The  is  quite  different  from  the  more  lo¬ 
calized  damage  zone  in  the  experiments  per¬ 
formed  by  Shockey  et  al.  (2008)  on  a  single 
glass  block  without  layers  (Fig.  3).  Sun  et  al. 
(2008)  also  pointed  out  that  the  depth  pre¬ 
dicted  by  using  a  one -parameter  materials 
model  was  very  close  to  that  predicted  using 
more  elaborated  models.  However,  the  dam¬ 
age  zone  predictions  from  one  model  to 
another  were  rather  different.  This  fact  indi¬ 
cates  that  more  systematic  experimental  data 
are  needed  to  establish  more  reliable  material 
models  for  brittle  materials  under  impact  loading 


Fig.  7:  Numerical  simulation  of  a  layered  glass  struc¬ 
ture  by  Sun  et  al.  (2008)  shows  the  predicted  propaga¬ 
tion  of  impact  damage. 


conditions. 


2.3  Need  for  Dynamic  Property  and  Damage  Characterization 

Although  glass  has  been  widely  used  as  transparent  armor  materials  due  to  its  cost  effective¬ 
ness,  the  understanding  of  the  impact  response  of  glass  is  still  very  limited.  Predictive  capabili¬ 
ties  have  not  been  developed  with  high  confidence  for  design  applications.  As  pointed  out  earli¬ 
er,  systematic  experimental  research  is  still  in  need  to  reveal  the  physical  nature  of  the  glass  de¬ 
formation  and  failure  under  impact  and  to  provide  reliable  data  input  for  realistic  numerical  si¬ 
mulations  of  the  impact  response  of  glass  structures.  In  this  report,  we  summarize  progresses  in 
two  major  aspects:  (1)  the  interaction  of  a  dynamic  crack  with  an  interface  perpendicular  to  it  in 
a  glass  target;  and  (2)  equi-biaxial  strength  of  a  borosilicate  glass  over  wide  ranges  of  loading 
rates  and  surface  quality  conditions. 


3  Technical  Approach 

We  present  the  background  and  experimental  design  for  each  of  the  two  aspects  investigated 
in  this  research  program.  The  first  is  to  extend  one  of  the  equi-biaxial  bending  techniques  (ring- 
on-ring)  into  dynamic  loading  rates  such  that  the  bending  strength  of  a  glass  specimen  can  be 
determined  as  a  function  of  loading  rates  with  the  edge  effects.  The  surface  conditions  on  the 
glass  specimen  are  systematically  controlled  such  that  the  more  intrinsic  glass  tensile  strength 
can  be  explored.  The  second  is  to  develop  a  new  experimental  method  to  study  the  interaction 
between  in  impact-induced  dynamic  crack  and  a  perpendicular  interface  in  the  glass  target.  The 
isolation  of  a  single  crack  provides  a  platform  for  more  quantitative  observation  on  the  behavior 
of  the  moving  crack. 
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3.1 


Dynamic  Bending  Strength  of  Glass 


3.1.1  Dynamic  Ring-on-Ring  Experimental  Setup 

In  a  previous  study  (Nie  et  al.,  2009),  uniaxial  four-point  bending  tests  were  carried  out  on  the 
same  material  with  an  in-house  made  loading  fixture  in  the  testing  section  of  a  Kolsky  bar.  It  was 
found  that  at  a  certain  stress  level,  the  fracture  origins  universally  shifted  from  central  surface  to 
the  edge,  presumably  due  to  the  competing 
failure  mechanisms  between  surface  flaws 
and  edge  flaws.  However,  with  the  interfe¬ 
rence  of  edge  failure,  the  flexural  strength 
measured  in  those  tests  are  considered  to  be 
lower  than  the  intrinsic  surface  tensile 
strength  due  to  the  fact  that  the  stress  on  the 
edge  is  concentrated  and  does  not  reflect 
the  global  tensile  stress  on  the  surface. 

Therefore,  a  new  flexural  testing  technique 
without  the  influence  of  edge  flaws  is  desir¬ 
able  for  the  characterization  of  dynamic 
flexural  strength  of  borosilicate  glass  when 
surface-located  flaws  are  strength-limiting.  In  this  study,  an  equibiaxial  ring-on-ring  testing  fix¬ 
ture  was  developed  and  introduced  to  a  modified  Kolsky  bar.  A  pair  of  concentric  steel  rings  was 
attached  to  concentric  aluminum  substrates  on  the  Kolsky  bar  so  that  the  system  alignment  is  se¬ 
cured.  The  rings  were  hardened  to  HRC  60  and  then  polished  to  ensure  smooth  contact  with 
glass  samples.  The  diameters  of  those  concentric  rings  are  12.5  mm  and  25  mm,  respectively, 
with  a  ring  tip  radius  of  2.5mm.  The  incident  and  transmission  bars  of  the  Kolsky  bar  setup  are 
made  of  6061-T6  aluminum  alloy  with  a  common  diameter  of  31.75  mm.  An  image  of  this  test¬ 
ing  configuration  is  shown  in  Fig.  8.  In  addition  to  the  ring  fixture,  a  pair  of  universal  joints 
which  are  of  the  same  diameter  of  the  bars  was  also  placed  between  the  gage  section  and  the 
transmission  bar.  Universal  joints  were  adopted  in  Kolsky  bar  system  to  eliminate  possible  misa¬ 
lignment  in  the  gage  section  (Chen  and  Song,  2011).  This  modification  is  very  important  in  brit¬ 
tle  material  testing  because  these  materials  are  susceptible  to  failure  initiation  from  concentrated 
stresses.  If  the  stress  distribution  in  the  specimen  is  nonuniform,  premature  failure  may  occur 
even  when  the  global  stress  level  is  still  low.  The  joints  used  in  this  research  are  composed  of  a 
convex  plane  and  a  concave  plane  which  are  of  equal  curvature  and  facing  each  other.  During 
specimen-installation,  this  pair  of  surfaces  is  the  last  to  engage,  eliminating  misalignment  and 
ensuring  an  even  contact  between  the  loading  rings  and  the  specimen  surface. 

To  eliminate  the  inertia  effects  on  the  test  section,  an  annealed  copper  disk  pulse  shaper  of  1-mm 
thick  and  3.3  mm  in  diameter  was  used  to  generate  the  desired  incident  ramp  pulse  at  a  resultant 
specimen  loading  rate  of  approximately  5xl06  MPa/s,  while  not  exciting  any  resonance  mode  in 
the  test  section  of  the  loading/supporting  rings  and  the  disk  specimens.  The  pulse  shaper  also 
controls  the  profile  of  the  incident  pulse  such  that  the  specimen  is  under  dynamic  force  equili¬ 
brium,  enabling  the  use  of  quasi-static  data  reduction  schemes. 


Fig.  8:  An  image  of  dynamic  ring-on-ring  experimental 
setup. 
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3.1.2  Specimen  Preparation 

The  borosilicate  glass  used  in  this  research  is  provided  by  U.  S.  Army  Research  Laboratory,  Ab¬ 
erdeen  Proving  Ground,  MD,  in  the  form  of  3.3-mm  thick  flat  plates.  The  material  composition 
and  specifications  can  be  found  in  a  previous  paper  studying  the  shear-stress  effects  on  the  com¬ 
pressive  strength  of  the  same  glass  [2],  These  glass  plates  were  machined  to  disks  of  2  mm  in 
thickness  and  45  mm  in  diameter,  with  the  top  and  bottom  surfaces  being  mechanically  polished 
to  40/20  scratch/dig  and  the  overall  surface  roughness  to  be  less  than  20  angstroms.  In  order  to 
reduce  the  possibility  of  edge  failures,  the  circumferences  of  the  disks  were  fire  polished  to  elim¬ 
inate  sharp  surface  cracks  induced  by  grinding.  The  as-polished  samples  were  then  divided  into  3 
groups.  The  first  group  stayed  at  the  original  as-received  state  and  was  tested  without  further  sur¬ 
face  modifications.  The  second  group  of  samples  was  ground  by  180-grit  sandpapers  to  inten¬ 
tionally  introduce  surface  flaws.  The  last  group  was  etched  by  5  w.t.%  of  HF  acid  aqueous  solu¬ 
tion  for  15  minutes.  This  specific  modification  is  performed  to  either  completely  remove  or  sig¬ 
nificantly  blunt  the  pre-existed  surface  flaws  by  stripping  off  the  glass  surface  layer  by  layer  dur¬ 
ing  etching.  The  etching  process  results  in  a  20-pm  reduction  in  thickness  at  each  surface  of  the 
samples.  To  avoid  the  possible  moisture  interaction  with  etched  glass  so  as  to  inhibit  the  forma¬ 
tion  of  new  surface  cracks,  the  etched  specimens  were  subjected  to  mechanical  loading  within 
several  minutes  after  etching. 


3.1.3  Testing  Conditions 

Quasi-static  experiments  were  carried  out  on  a  servohydraulic  testing  machine  with  the  same 
loading  configuration  as  implemented  on  Kolsky-bar  setup.  In  both  dynamic  and  quasi-static  ex¬ 
periments,  cellophane  tape  was  applied  to  the  compressive  surface  of  the  bending  specimen  to 
retain  fracture  fragments.  The  ring-specimen  contact  surfaces  were  lubricated  by  vacuum  grease 
to  minimize  friction  effects.  The  temperature  of  the  testing  environment  was  26°C,  with  a  rela¬ 
tive  humidity  of  34%.  Dynamic  experiments  on  the  Kolsky  bar  were  conducted  at  a  loading  rate 
of  approximately  5xl06  MPa/s. 

Fractography  was  conducted  on  fracture  surfaces  to  study  the  failure  origins  and  types  of  surface 
flaws  that  initiated  the  fracture.  Only  the  experiments  where  specimens  failed  within  loading  ring 
area  were  considered  to  be  valid  tests.  Radial  fracture  pattern  of  the  fractured  samples  point  to 
the  location  of  failure  initiation.  The  glass  pieces  were  taken  apart  from  the  tape  with  extraordi¬ 
nary  care  to  preserve  the  fracture  surface.  Optical  microscope  was  used  to  identify  the  exact  fail¬ 
ure  origin  on  the  fragments  where  fracture  was  initiated.  Selected  fracture  origins  were  further 
investigated  by  scanning  electron  microscopy  (SEM)  to  define  the  types  of  flaws. 


3.2  Impact-induced  Crack  through  a  Controlled  Interface 

3.2.1  Impact  Experimental  Setup 

In  this  study,  we  attempt  to  investigate  the  interaction  of  a  dynamic  crack  in  glass  with  a  perpen¬ 
dicular  interface.  The  crack  is  initiated  by  projectile  impact.  The  behavior  of  the  crack  propaga- 
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tion  and  its  interaction  with  the  interface  is  recorded  by  an  optical  high-speed  camera.  In  many 
studies,  the  impacts  to  initiate  the  crack  were  at  relatively  low  speeds  (as  low  as  10  m/s)  (Theo- 
caris  and  Milios,  1981;  Xu  and  Rosakis,  2003;  Ravi-Chandar,  2004).  However,  the  failure  waves 
in  glass  are  typically  initiated  by  much  higher  impact  speeds  (Brar,  et  al.,  1991;  Kanel  et  al., 
2004;  Willmot  and  Radford,  2005). 

In  this  study,  to  observe  crack  beha¬ 
vior  in  glass,  which  is  initiated  by 
impact  conditions  more  consistent  to 
failure  waves,  we  aim  at  impact  ve¬ 
locities  beyond  one  tenth  of  the  crack 
speed.  To  produce  such  high-speed 
and  consistent  impacts,  a  light  gas 
gun  was  employed.  The  arrangement 
of  the  gun,  a  specimen  and  a  high 
speed  camera  in  the  experiments  is 
schematically  presented  in  Fig.  9. 

The  gas  gun  propels  a  projectile  onto 
the  notched  edge  of  the  glass  speci¬ 
men.  When  the  projectile  passes 
through  two  pairs  of  lasers  and  sen¬ 
sors,  the  interrupting  sequence  of  the  lasers  and  the  time  in  between  determine  the  speed  of  the 
projectile.  The  high  speed  camera  is  triggered  by  the  signal  of  laser  interruption.  After  a  pre¬ 
calibrated  delay  time,  the  camera  starts  to  record  the  images  of  dynamic  cracking  at  the  moment 
when  the  projectile  impacts  the  specimen.  The  camera  records  32  images  from  each  impact  event 
at  an  adjustable  inter-frame  interval  of  as  low  as  5  ps.  Strong  flash  lights  are  used  to  illuminate 
the  specimen  for  the  high-speed  camera  to  capture  the  fracture  events.  After  the  impact,  the  de¬ 
bris  of  the  glass  specimen  is  carefully  collected  to  study  the  fracture  surfaces  left  on  the  glass 
specimen  by  the  dynamic  fracture  events.  These  impact  experiments  can  produce  significant 
blasts  and  debris  that  might  damage  the  recording  equipments.  To  avoid  such  damage,  all  im¬ 
pacts  are  contained  in  an  enclosed  steel  chamber  that  has  thick  polycarbonate  windows  for  opti¬ 
cal  observations.  Furthermore,  the  high-speed  camera  is  positioned  away  from  the  specimen 
chamber.  A  mirror  is  used  to  reflect  the  fracture  event  into  the  camera’s  aperture  (Fig.  9). 


3.2.2  Specimen  Design 

Figure  10  illustrates  the  dimensions  of  a  projectile  and  a  specimen  that  are  used  in  the  impact 
experiments.  Specimens  were  fabricated  from  6.4-mm  thick  commercial  soda-lime  glass  plates. 
As  shown  in  Fig.  10,  two  glass  plates  were  bonded  with  an  epoxy  adhesive  (Loctite  E-30CL) 
along  their  contacting  edges.  When  the  projectile  impacts  the  notched  edges  of  the  specimen, 
compressive  waves  are  generates  and  propagate  radially  from  the  impact  points.  When  the  com¬ 
pressive  waves  reach  the  free  edges  of  the  specimen,  tensile  waves  are  reflected  back  towards  the 
crack.  The  interaction  of  the  tensile  waves  with  the  propagating  crack  will  complicate  the  load¬ 
ing  conditions  at  the  crack  tip.  The  specimen  is  designed  to  be  large  enough  to  avoid  the  interac¬ 
tion  between  the  tensile  waves  and  the  crack  during  the  window  of  observation.  The  wave  speed 
c  in  the  glass  is  estimated  to  be  5430  m/s  (Willmot  and  Radford,  2005).  As  it  will  be  shown  later, 


Impact  Damage  in  Layered  Glass 


9 


the  observation  time  window  At  in  the  experiments  for  the  crack  to  interact  with  the  interface  is 
about  60  ps.  Therefore,  the  minimum  width  d  of  the  specimen  should  be  approximately 


d  =  cAt  =  0.326  (i m ) 


(1) 


The  actual  specimen  width  is  305  mm,  which  is  sufficient  to  provide  the  minimum  time  window. 
Similarly,  the  length  of  the  second 
(un-notched)  piece  of  glass  plate 
must  prevent  the  tensile  wave  re¬ 
flected  from  the  far  edge  of  the  sam¬ 
ple  to  reach  the  interface  before  the 
crack  under  investigation  has  passed 
through.  This  criterion  determines 
that  the  minimum  length  of  the 
second  glass  plate  to  be  163  mm. 

The  actual  dimension  used  is  203 
mm  (Fig.  10).  The  angle  of  notch  is 
90°.  A  notch  angle  of  either  larger  or 
smaller  does  not  produce  the  desired 
single-crack  initiation  from  the 
notch  tip.  After  trial  experiments, 
the  angle  of  90°  was  selected.  To 
ensure  constant  dimensions  and 
straight  interfaces,  the  as-received 
glass  plates  were  trimmed  by  a  water-jet. 

To  study  the  effects  of  interface,  the  interface  thickness  was  varied  by  inserting  shims  of  stan¬ 
dard  thickness  between  the  two  glass  plates  near  the  side  boundaries  of  the  specimen  (Fig.  10). 
Epoxy  was  applied  on  the  contacting  edges  of  the  plates.  The  two  glass  plates  were  then  pressed 
against  each  other  (separated  by  the  shims  if  a  given  width  was  desired)  while  the  epoxy  cured. 
The  specimen  where  the  interface  was  bonded  without  any  shim  was  called  a  specimen  with  a 
near-zero-thickness  interface  even  though  an  average  thickness  of  the  adhesive  layer  was  meas¬ 
ured  around  0.05  mm.  This  small  thickness  came  mainly  from  the  roughness  of  surface  resulted 
from  water-jet  trimming. 

In  the  experiments,  the  thickness  of  the  adhesive  layer  was  a  parameter  that  was  varied.  Two  ad¬ 
hesive  strengths  were  used:  unbounded  or  bonded.  The  adhesive  was  selected  that  the  adhesion 
was  sufficiently  strong  such  that  the  specimens  would  not  have  any  cohesive  and  interfacial  fail¬ 
ure.  Post-mortem  inspection  on  recovered  specimen  pieces  validated  that  all  failures  around  the 
interface  occurred  in  the  glass  plates  but  not  inside  the  adhesive  layer.  Among  the  bonded  speci¬ 
mens,  four  thicknesses  were  used:  near-zero,  0.13,  1.3,  and  2.5  mm.  It  was  expected  that  the 
thickness  was  an  important  factor  that  would  influence  the  wave  interactions  between  two  glass 
plates  and  the  interaction  between  the  propagating  crack  and  the  interface. 
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3.2.3  Projectile  Design 

Due  to  the  brittleness  of  the  glass  plates,  the  materials  to  make  the  projectile  are  required  to  have 
low  hardness  and  low  strength  to  prevent  significant  damage  on  the  glass  edges  where  the  pro¬ 
jectiles  initially  contact.  Trial  experiments  were  conducted  to  selected  projectile  materials  that 
would  not  cause  fragmentation  on  the  contact  points  of  the  glass  specimen,  but  would  effectively 
initiate  a  single  crack  from  the  notch  tip  in  the  glass  plate.  A  casting  polyurethane  with  the  trade 
name  of  “Smooth-On  Featherlite”  was  selected  as  the  projectile  material  for  its  low  hardness  and 
light  weight.  High  speed  images  and  post-mortem  observations  verified  that  the  cracks  were  gen¬ 
erated  at  the  notch  first,  but  not  at  the  contact  edges  between  the  projectile  and  the  specimen. 

The  length  of  projectile  controls  the  duration  of  impulses  generated  from  the  impact.  Sometimes, 
the  length  can  be  very  short  to  create  short-duration  pulses.  However,  when  the  projectile  is  very 
short,  it  is  difficult  to  maintain  the  projectile  motion  stable  when  traveling  in  the  gun  barrel.  To 
give  the  projectile  sufficient  effective  length  to  travel  stably  in  the  gun  barrel,  a  light  rigid  cast¬ 
ing  foam  with  the  trade  name  “Smooth-On  FOAM  iT  5!”  is  attached  to  the  back  end  of  the  pro¬ 
jectile.  This  weaker  foam  is  crushable  with  low  impacts  and  has  a  lower  density.  This  extended 
section  of  the  projectile  assembly  gives  little  impulse  on  the  glass  specimen. 


3.2.4  Impact  Conditions 

To  focus  on  the  behavior  of  the  propagation  of  a  single  crack,  it  is  required  that  the  projectile 
impact  initiates  only  a  single  crack  from  the  notch  tip  in  the  glass  specimen.  To  explore  the  im¬ 
pact  conditions  for  single-crack  initiation,  trial  impact  tests  were  conducted  on  monolithic  glass 
plates  which  had  notches  but  without  any  interfaces.  The  projectile  of  63.5  mm  in  diameter  and 
1 3  mm  in  length  was 
made  with  the  cast¬ 
ing  polyurethane.  A 
light-foam  extension 
was  attached  to  the 
back  end  for  stable 
acceleration  in  the 
gun  barrel.  The  total 
weight  of  the  projec¬ 
tile  assembly  was  55 
g.  When  the  projec¬ 
tile  was  launched  at 
speeds  slightly  above 
one  tenths  of  the  re¬ 
ported  crack  speed  in  glass,  a  single  crack  was  observed  to  initiate  from  the  notch  tip  of  the  spe¬ 
cimen.  The  high-speed  images  shown  in  Fig.  1 1  were  taken  from  a  trial  experiment  where  the 
impact  speed  was  171  m/s.  Due  to  the  low  strength  and  low  hardness  of  projectile,  the  glass  spe¬ 
cimen  was  not  damaged  in  the  contacted  region.  Instead,  the  foam  projectile  was  bisected  by  the 
edges  of  the  glass  specimen.  As  shown  in  Fig.  11,  only  a  single  crack  initiated  at  the  notch  and 
propagated  through  the  glass  specimen,  although  the  crack  branched  into  multiple  cracks  during 
the  later  stages  of  propagation.  The  sequential  images  at  a  fixed  inter-frame  rate  provide  the  op¬ 
portunity  to  measure  the  crack  speed  as  it  propagates  through  the  specimen.  However,  in  the  at- 


(A)  0  ms  (B)  16  ms  (C)  32  ps 

Fig.  1 1 :  Adjusting  impact  conditions  for  generating  a  single  dynamic  crack. 
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tempt  to  obtain  the  crack 
speed,  it  is  very  challenging  to 
position  the  exact  crack  tip 
locations  in  the  glass  plate 
from  the  high-speed  images 
because  the  tip  is  extremely 
sharp.  Furthermore,  many  mi¬ 
cro  cracks  may  exist  in  front 
the  tip.  To  find  the  exact  posi¬ 
tion  of  a  crack  tip,  an  image  of 
the  specimen  containing  a 
crack  and  an  image  of  in  intact 
specimen  were  overlapped.  A 
graphic  program  was  then  em¬ 
ployed  to  identify  the  differ¬ 
ences  between  the  two  images. 

Among  32  images  recorded  by 
the  camera,  the  earliest  image 
where  a  crack  could  be  clearly  identified  was  labeled  as  the  first  image  in  the  series  and  the  time 
stamp  was  marked  as  zero.  The  difference  between  the  positions  of  the  crack  tip  in  two  consecu¬ 
tive  images  divided  by  the  inter-frame  time  interval  yields  the  average  crack  speed  between  the 
two  positions. 

Figure  12  shows  the  average  crack  speed  in  both  glass  plates  as  a  function  of  the  crack-tip  posi¬ 
tion  through  the  specimen  length.  An  inspection  of  Fig.  12  indicates  that  the  observed  average 
crack  speed  is  around  1500  m/s  which  is  in  close  agreement  to  the  maximum  crack  speed  re¬ 
ported  in  normal  glass  (Schardin,  1959).  After  an  interface  is  introduced  in  the  specimen  (Fig. 
10),  the  impact  kinetic  energy  is  increased  from  the  case  shown  in  Fig.  12  such  that  the  crack  has 
sufficient  driving  force  to  penetrate  through  the  perpendicular  interface  without  deceleration. 
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Fig.  12:  Dynamic  crack  speed  as  a  function  of  crack  length. 
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4  Experimental  Results 

In  this  section,  we  summarize  the  experimental  results  obtained  for  the  two  groups  of  dynam¬ 
ic  experiments  describe  in  the  previous  section. 


4.1  Loading  Rate  and  Surface  Quality  Effects  on  Glass  Bending  Strength 

Equibiaxial  flexural  tests  were  conducted  on  all  3  groups  of  glass  samples  at  4  loading  rates 
(0.52  MPa/s,  42  MPa/s,  3,500  MPa/s,  5xl06  MPa/s).  The  three  lower-rate  experiments  were  per¬ 
formed  on  the  servohydraulic  machine  while  the  high-rate  experiments  were  conducted  on  the 
modified  Kolsky-bar  setup.  The  number  of  test  specimens  was  chosen  according  to  the  specifica¬ 
tions  in  ASTM  Cl 499  such  that  at  least  10  valid  tests  were  secured  at  each  loading  rate  and  sur- 
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face  condition.  A  typical  oscilloscope  record  from  a  Kolsky-bar  experiment  on  an  etched  glass 
sample  is  shown  in  Fig.  13.  The  inci¬ 
dent  pulse  is  shaped  into  a  non-linear 
ramp  to  achieve  constant  deflection 
rate  in  this  acid-etched  specimen  be¬ 
fore  sample  fracture.  In  a  dynamic 
equibiaxial  bending  test,  the  glass 
specimen  is  initially  subjected  to  ac¬ 
celeration  until  the  desired  loading 
rate  is  achieved.  Under  such  condi¬ 
tions,  the  loading  pulse  profde  needs 
to  be  carefully  controlled  in  order  not 
to  excite  the  resonant  frequency  of  the 
testing  fixture,  otherwise  a  non¬ 
equilibrium  force  history  will  be  im¬ 
posed  in  the  specimen  in  which  the 
inertial  force  may  be  presented.  In  this 
study,  the  force  histories  on  both  loading-ring  and  supporting-ring  sides  were  continuously  moni¬ 
tored  by  the  collected  strain  gage  signals.  Specifically,  the  force  histories  on  the  loading  ring  side 
(Fl)  and  the  force  history  on  the  supporting  ring  side  (Fs)  are  given  by: 


Fig.  13:  Oscilloscope  record  of  a  dynamic  ring-on-ring  experi- 
ment. 


FL=EA(si+sr )  (2) 

Fs=EAst  (3) 


where  E  and  A  are  the  Young’s  Modulus  and  cross-sectional  area  of  bars,  respectively;  st  is  the 
strain  history  of  transmitted  pulse;  while  st  and  sr  are  the  strain  histories  of  incident  and  reflect¬ 
ed  pulses,  respectively.  Once  dynamic  force  equilibrium  is  established,  the  biaxial  flexural 
strength  of  the  borosilicate-glass  sample  can  be  calculated  by  the  peak  load  achieved  in  the  sam¬ 
ple  in  the  light  of  circular  plate  theory  (Timoshenko  and  Woinowsky-Krieger,  1959).\ 


°>  = 


3  F 


2nh 


D2-D2  d 

(1  —  v)  5  -  +  (1  +  v)  In — - 

2D2  D, 


(4) 


where  F  is  the  peak  load  recorded,  h  is  the  thickness  of  the  sample,  Ds  is  the  supporting  ring  di¬ 
ameter,  Dl  is  the  loading  ring  diameter,  D  is  the  diameter  of  the  sample,  and  v  is  the  Poisson’s 
ratio  of  borosilicate  glass. 
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The  calculated  strength  values  for  borosilicate  glass  samples  at  different  loading  rates  and  sur¬ 
face  conditions  are  summarized  in 
Fig.  14.  The  scatters  (error  bars)  in 
the  plot  represent  the  whole  range  of 
experimental  data  for  each  testing 
condition,  and  the  symbol  in  be¬ 
tween  is  the  arithmetic  average  of 
strength.  The  results  indicate  that  the 
surface  modifications  significantly 
affect  the  flexural  strength  of  the 
glass  material.  The  sandpaper  grind¬ 
ing  degrades  the  strength  by  60-70% 
from  the  as-polished  surface  condi¬ 
tion.  However,  HF  acid  etching  on 
as-polished  specimens  promotes  the 
surface  tensile  strength  by  200- 
400%,  depending  on  the  applied 
loading  rates.  The  experimental  re¬ 
sults  also  indicate  that  the  loading 
rate  has  remarkable  effects  on  the 
flexural  strength.  Under  all  surface  conditions  tested,  the  strength  universally  increases  with 
loading  rates.  But  the  rate  of  strength  increase  levels  out  at  the  loading  rate  of  -3,500  MPa/s. 

The  observed  strength  variations  under  different  surface  conditions  stimulated  further  fractogra- 
phy  investigations  to  better  understand  the  fracture  mechanisms  of  borosilicate  glass  under  equi- 
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Fig.  14:  Loading  rate  and  surface  quality  effects  on  the  bending 
strength  of  the  borosilicate  glass. 


(a)  (b)  (c) 

Fig.  15:  Fracture  mode  of  glass  samples  with  different  surface  conditions  (a)  ground  samples,  (b)  as- 
polished  samples,  and  (c)  acid  etched  samples. 

biaxial  flexural  loading  conditions.  A  series  of  fractured  samples  from  Kolsky-bar  experiments 
are  shown  in  Fig.  15.  Since  the  samples  were  loaded  by  a  single  pulse,  the  fragments  were  well 
preserved  after  the  initial  fracture  events.  As  indicated  by  the  fracture  patterns  shown  in  the  fig¬ 
ure,  the  likely  failure  origins  are  all  located  in  the  central  areas  of  specimens  regardless  of  sur¬ 
face  conditions.  No  edge  failure  was  identified  in  the  study  reported  in  this  paper.  It  is  also  ob¬ 
served  that  the  density  of  cracks  increases  with  flexural  strength  due  to  the  increasing  amount  of 
elastic  energy  that  needs  to  be  released  during  fracture.  As  for  the  sandpaper-ground  samples,  a 
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primary  crack  (indicated  by  an  arrow  in  Fig.  15  (a))  is  identifiable  while  the  other  cracks  were 
initiated  at  different  locations  along  this  crack.  However,  this  primary  crack  becomes  less  dis¬ 
tinct  for  the  as-polished  samples  (Fig.  15  (b)),  on  which  the  majority  of  cracks  were  converging 
back  to  a  common  origin.  This  crack  pattern  finally  changed  into  a  complete  radiation  type  for 
the  HF  acid  etched  samples,  with  essentially  all  cracks  converged  back  to  exactly  the  same  fail¬ 
ure  origin  (shown  in  Fig.  15  (c)).  The  transition  in  macroscopic  cracking  mode  inspired  further 
investigation  on  the  strength-governing  flaws  under  each  surface  condition.  In  this  research,  frac¬ 
ture  surface  images  were  taken  by  scanning  electron  microscopy  (SEM)  and  are  shown  in  Fig. 
16.  It  should  be  pointed  out  that,  as  can  be  seen  from  Fig.  15  (c),  the  equibiaxial  bending  fracture 
origin  of  HF  acid  etched  sample  is  almost  pulverized  and  thus  the  fracture  surface  around  the 
failure-initiation  flaw  was  heavily  fragmented.  For  the  purpose  of  comparison,  SEM  images 
showing  the  failure  origins  of  an  HF  acid  etched  glass  bar  sample  which  was  loaded  in  4-point 
bending  were  therefore  given  in  Fig.  16  (c).  For  the  sandpaper-ground  samples,  sharp  cracks  that 
penetrate  into  the  sub-surface  are  visible  at  the  center  of  the  fracture  zone.  These  cracks  are 
usually  indications  of  misalignment  of  surface  machining  cracks.  Further  polishing  on  the  as- 
ground  surfaces  resulted  in  reduction  of  critical  crack  size,  and  thus  an  increase  in  flexural 
strength.  The  strength  governing 
flaw  size  on  HF  acid  etched  surface 
is  similar  to  that  on  the  as-polished 
surface,  whereas  the  flexural 
strength  of  the  etched  sample  is  four 
times  higher  than  that  of  as-polished 
samples.  It  is  assumed  that  there  are 
sharp  surface  cracks  existing  on  the 
machined  and/or  polished  glass  sur¬ 
faces.  During  etching,  the  crack  sur¬ 
faces  are  uniformly  attacked  by  HF 
acid  at  every  point.  Consequently, 
such  a  pre-crack  develops  into  a  se¬ 
micircle  or  a  semi  ellipse  depending 
on  the  original  crack  shape  and  etch¬ 
ing  time  (over  etching  would  more 
likely  lead  to  a  semi  ellipse  shape). 

Simultaneous  acid  attack  on  numer¬ 
ous  surface  cracks  creates  a  “bum¬ 
py”  surface  pattern  as  is  evident  in 
Fig.  16  (c).  According  to  the  model, 
the  final  radii  of  these  surface  pits 
are  determined  by  the  depth  of  origi¬ 
nal  flaws,  so  the  observed  variation 
in  the  pit  radii  may  be  directly  re¬ 
lated  to  the  variation  in  initial  crack 
size.  The  fracture  surface  of  an 
etched  sample  reveals  that  failure 
was  initiated  a  severe  surface  pit.  However,  no  sharp  front  of  a  pre-crack  was  identified.  This 
indicates  that  the  fracture  of  an  etched  specimen  is  originated  from  a  blunt  surface  flaw,  unlike 
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the  case  of  as-polished  specimens  where  a  sharp  surface  crack  is  located  in  the  failure  origin.  As 
a  result,  although  acid  etching  developed  similar  flaw  depths  as  is  possessed  by  as-polished  sam¬ 
ples,  the  blunt  nature  of  etching  pits  offers  much  less  stress  intensity  compared  to  the  sharp  crack 
front  in  polished  samples,  and  thus  raises  the  flexural  strength  significantly. 


4.2  Interaction  of  a  Dynamic  Crack  with  an  Interface 

After  the  striking  velocities  were  explored  and  the  high-speed  camera  synchronized  with  the  pro¬ 
jectile  impact,  a  series  of  impact  experiments  were  conducted  on  the  specimens  with  perpendicu¬ 
lar  interfaces  in  them.  The  initial  group  of  experiments  covered  specimen  with  three  interface 
conditions:  direct  contact  without  bonding,  direct  bonding  on  the  contacting  edges,  and  bonding 
with  a  thin  epoxy  layer.  Figure  17  shows  a  dynamic  crack  propagating  in  a  specimen  having  two 
glass  plates  contacting  along  the  interface  without  any  adhesive  layer.  In  the  attempt  to  drive  the 
crack  through  the  contacting  interface,  a  heavier  projectile  was  used.  The  projectile  had  a  100- 
mm  long  front  part  made  with  the  casting  polyurethane  and  did  not  have  any  rear  part  made  with 
the  light  foam.  This  projectile  weighed  217  g  and  was  also  driven  at  a  higher  speed  of  212  m/s. 
As  shown  in  Fig.  17,  a  single  crack  was  initiated  at  the  notch  and  branched  into  two  cracks, 
which  indicated  that 
the  impact  energy 
exceeded  the  level 
to  maintain  a  single¬ 
crack  propagation. 

Each  branched  crack 
propagated  toward 
the  interface,  but 
was  each  stopped  at 
the  interface.  Be¬ 
sides  the  initial 
cracks  started  from 
the  notch  tip,  addi¬ 
tional  cracks  were 
developed  from  the 
interface  later  and 
propagated  toward 
the  notched  end  (see 
the  image  (F)). 

These  cracks  were 

generated  by  the  reflected  tensile  waves  from  the  outer  sides  of  the  glass  specimen.  All  the 
cracks  were  observed  only  in  the  section  of  the  specimen  between  the  impacted  notch  and  the 
interface.  The  kinetic  energy  was  4880  J  and  this  is  much  higher  than  any  other  tests  in  which 
kinetic  energy  is  less  than  3000  J.  Despite  the  impact  by  a  projectile  with  much  higher  kinetic 
energy,  the  interface  stopped  all  the  cracks.  The  second  glass  plate  was  intact.  The  type  of  crack 
propagation  in  this  study  was  designed  to  be  Mode  I,  and  the  projectile  provided  tensile  loadings 


(D)  50  ps  (E)  66  ms  (F)  83  ys 


Fig.  17:  Crack  propagation  through  an  interface  without  an  adhesive  layer. 
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in  vertical  direction  to  crack  tips.  These  loadings  cannot  transfer  effectively  across  the  interface 
where  two  glass 
plates  simply  con¬ 
tacts  without  any 
bonding. 

Figure  18  shows  an 
experiment  where  a 
crack  propagated 
through  an  interface 
that  was  directly 
bonded.  The  interface 
layer  thickness  was 
near  zero.  Trial  expe¬ 
riments  indicated  that 
this  interface  made 
the  glass  behaved 
like  a  single  piece. 

The  impact  condi¬ 
tions  were  adjusted 

back  to  be  closer  (but  still  with  higher  kinetic  energy  to  drive  the  crack  to  penetrate  the  interface) 
to  the  impact  on  a  monolithic  glass  plate.  The  projectile  had  a  25-mm  long  front  part  made  with 
casting  polyurethane  and  81-g  total  weight.  It  was  launched  at  the  speed  of  265  m/s.  Trial  expe¬ 
riments  also  indicated  that,  if  projectiles  were  heavier  or  faster  than  these  values,  the  crack  would 
branch  before  reaching  the  interface,  which  was  to  be  avoided  in  this  study. 

Under  impact,  a  sin¬ 
gle  crack  was  in¬ 
itiated  from  notch  tip 
of  the  specimen  and 
propagated  towards 
the  interface  (Fig. 

18).  The  crack  then 
penetrated  the  inter¬ 
face  with  little  inter¬ 
ference  and  then  ex¬ 
tended  to  the  second 
glass  plate.  Again, 
the  crack- 

propagation  speed  as  a  function  of  the  tip  location  can  be  obtained  from  the  images,  as  shown  in 
Fig.  19.  An  inspection  of  the  results  shown  in  Fig.  18  and  19  indicates  that  the  propagation  of  the 
crack  had  a  slight  delay  at  the  interface;  however,  the  duration  of  delay  was  so  short  that  high 
speed  images  recorded  with  the  frame  duration  of  5  ps  were  not  sufficient  to  obtain  the  exact  na¬ 
ture  of  the  delay.  It  is  evident  that  the  adhesive  layer  between  two  glass  plates  transfers  stress 
wave  effectively  to  the  second  media  and  let  crack  reinitiate  in  the  second  media  from  the  inter¬ 
face  almost  immediately.  As  shown  in  Fig.  19,  the  crack  at  the  second  glass  plate  propagated 
with  a  nearly  constant  speed  of  1500  m/s,  which  was  the  same  as  the  crack  speed  before  the 
crack  crossed  the  interface. 


0.00  0.01  0.02  0.03  0.04  0.05 

Main  crack  length  (m) 


Fig.  19:  Crack  speed  history  of  the  experiment  shown  in  Fig.  18. 
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To  study  the  effect  of  an  interface  with  a  thin  layer  of  epoxy,  an  experiment  was  conducted  on  a 
specimen  with  an 
interface  of  a  0.13- 
mm  thick  adhesive 
layer.  The  impact 
conditions  were  no¬ 
minally  identical  to 
the  previous  case. 

The  projectile 

weighed  81  g  and 
was  accelerated  to  a 
speed  of  264  m/s. 

Figure  20  shows  that 
a  single  crack  propa¬ 
gated  from  the  notch 
into  the  interface. 

The  corresponding 
average  speed  varia¬ 
tion  as  a  function  of  crack-tip  positions  is  also  plotted  on  Fig.  21.  The  results  in  Figs.  20  and  21 
show  that  crack  propagation  was  delayed  for  20  ps  at  the  interface.  It  is  noted  that  the  interface  is 
thicker  than  near- 
zero-thick  adhesive 
only  by  0.13  mm. 

The  slow  crack 
speed  in  epoxy 
counts  for  the  signif¬ 
icant  delay  in  the 
propagation.  Also,  it 
is  evident  that  reini¬ 
tiating  crack  in  the 
second  medium 
takes  significant  time 
because  the  stress 
intensity  factor  in¬ 
crease  gradually  until  it  reaches  threshold  value  for  crack  initiation.  We  investigated  the  detai 
information  on  the  crack  propagation  in  the  epoxy  layer. 


Fig.  21:  Crack  speed  history  of  the  experiment  shown  in  Fig.  20. 


5  Summary  and  Recommendations 

In  this  section,  we  summarize  the  experimental  results  obtained  for  the  two  groups  of  dynamic 
experiments  describe  in  the  previous  section. 

To  study  the  rate  and  surface  effects  on  the  bending  strength  of  a  borosilicate  glass,  a  dynamic 
equibiaxial  ring-on-ring  flexural  testing  technique  was  established  on  a  modified  Kolsky  bar. 
The  sample  was  subjected  to  a  controlled  loading  profile  such  that  both  a  constant  loading  rate 


Impact  Damage  in  Layered  Glass 


18 


and  dynamic  force  equilibrium  were  achieved  during  the  entire  loading  period.  In  addition,  sin¬ 
gle  pulse  loading  technique  was  adopted  to  ensure  that  the  glass  specimen  was  loaded  only  once 
and  therefore  in  the  fractography  point  of  view,  the  fractured  samples  were  as  pristine  as  they 
were  in  a  quasi-static  experiment.  This  experimental  technique  was  then  applied  to  investigate 
the  effect  of  different  surface  conditions  and  loading  rates  on  the  equibiaxial  flexural  strength  of 
a  borosilicate  glass.  Flexural  strength  of  1.3  GPa  at  dynamic  loading  rates  was  measured  on  spe¬ 
cimens  where  the  tensile  surfaces  were  chemically  etched  by  HF  acid.  The  flexural  strength  of 
the  borosilicate  glass  increases  with  increasing  loading  rates  for  all  the  surface  conditions  stu¬ 
died.  SEM  images  on  fracture  surfaces  showed  that  the  as-polished  and  sandpaper-ground  sam¬ 
ples  failed  from  the  sites  where  sharp  surface  machining  or  grinding  cracks  were  presented.  The 
HF  acid  etched  samples  failed,  however,  from  blunt  semi  elliptical  surface  pits  which  were  de¬ 
veloped  by  continuous  acid  attack.  This  study  shows  that  the  weight  of  glass  window  can  poten¬ 
tially  be  reduced  significantly  if  the  treated  surface  can  be  protected,  such  as  by  a  sealing  layer. 

To  study  the  behaviors  of  cracks  driven  by  dynamic  loading  at  interfaces,  a  single  crack  was  in¬ 
itiated  by  high  impact  loading.  The  crack  was  found  to  be  arrested  at  the  interface  which  did  not 
have  an  adhesive  layer.  But  cracks  penetrated  interfaces  that  had  adhesive  layers  and  the  pene¬ 
trating  behavior  depended  on  the  thickness  of  interfaces.  With  little  interference,  a  crack  crossed 
an  interface  where  two  glass  plates  touched  each  other  along  their  bonding  line  when  the  thick¬ 
ness  of  adhesive  layer  was  as  thin  as  possible.  But  at  the  interface  with  an  adhesive  layer  of  finite 
thickness,  propagation  of  cracks  were  delayed  and  branched  into  multiple  cracks  when  they  ex¬ 
tended  to  the  second  glass  plate.  The  delay  at  the  interface  appear  to  be  the  main  reason  to  cause 
crack  branching  due  to  energy  accumulation  over  the  period  of  the  delayed  time.  These  experi¬ 
mental  results  were  reproduced  in  the  multiple  tests  where  the  loading  conditions  and  the  speci¬ 
men  configuration  were  almost  identical.  These  results  can  serve  as  design  guidelines  for  bond¬ 
ing  layers  in  a  multi-layer  glass  structure. 
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